W-B-C films were deposited on Si(100) substrates held at elevated temperature by reactive sputtering from a W target in Kr/trimethylboron (TMB) plasmas. Quantitative analysis by Xray photoelectron spectroscopy (XPS) shows that the films are W-rich between ~ 73 and ~ 93 at.% W. The highest metal content is detected in the film deposited with 1 sccm TMB. The C and B concentrations increase with increasing TMB flow to a maximum of ~18 and ~7 at.%, respectively, while the O content remains nearly constant at 2-3 at.%. Chemical bonding structure analysis performed after samples sputter-cleaning reveals C-W and B-W bonding and no detectable W-O bonds. During film growth with 5 sccm TMB and 500 o C or with 10 sccm TMB and 300-600 o C thin film X-ray diffraction shows the formation of cubic 100-oriented WC1-x with a possible solid solution of B. Lower flows and lower growth temperatures favor growth of W and W2C, respectively. Depositions at 700 and 800 o C result in the formation of WSi2 due to a reaction with the substrate. At 900 o C, XPS analysis shows ~96 at.% Si in the film due to Si interdiffusion. Scanning electron microscopy images reveal a fine-grained microstructure for the deposited WC1-x films. Nanoindentation gives hardness values in the range from ~23 to ~31 GPa and reduced elastic moduli between ~220 and 280 GPa in the films deposited at temperatures lower than 600 o C. At higher growth temperatures the hardness decreases by a factor of 3 to 4 following the formation of WSi2 at 700-800 o C and Si-rich surface at 900 o C.
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Introduction
Tungsten carbide and the d-WC phase [1] with a hexagonal stacking sequence (Strukturbericht designation Bh) is a technologically important material best illustrated from its use on cemented carbide tools for metal machining. Favorable to applications, the d-WC property envelope includes: a melting point of 2870 o C, Vickers hardness (HV) of 22 GPa, Young's modulus of elasticity 620-720 GPa, and good oxidation resistance [2] . If d-WC could be grown as a thin film material the number of applications would increase substantially by exploiting for instance the carbide's low resistivity of 17-22 µW . cm [2] . A low resistivity in combination with the previously defined properties is thus favorable in high-temperature Schottky contacts [3] . However, the literature is clear on the difficulties in depositing d-WC by chemical vapor deposition (CVD) or physical vapor deposition. Presently, CVD seems to be the most promising technique for growth of films containing the phase [4] [5] [6] [7] [8] . The high temperatures typical for these studies with 1200 o C [4] , 950 o C [6] , and 900 o C [7] [8] as well as the restriction to W(110) substrates [5] limits the number of applications and calls for alternative deposition techniques. In addition, competing phases are frequently present in the deposited films seen from the tungsten rich carbide W2C and the cubic and substoichiometric g-WC with NaCl-type structure (Strukturbericht designation B1) [1] , henceforth referred to as WC1-x. The properties for the metastable WC1-x are, however, not as favorable as those for d-WC seen from carbon vacancies with x~0.6 [1] . In carbides with B1 structure such as WC1-x carbon vacancies will result in lower hardness [2] [9] .
Magnetron sputtering offers the possibility for low-temperature growth and the literature shows that WC films have been deposited from WC targets, [10] [11] [12] [13] , W and C sources [14] [14] [15] and of particular interest for this study by reactive sputtering. The most applied gaseous reactants have been C2H2 (acetylene), [11] [16] [17] [18] [19] [20] and CH4 (methane) [21] [22] , but with report from reactive processing from other hydrocarbons such as ethene (C2H4) [12] and benzene (C6H6) [23] . As experienced from CVD, there are difficulties in depositing the d-WC phase with only a few reports on reactive sputtering of phase-pure films, using alloying with N2 [24] or growth on carbon substrates at temperatures > 900 o C [12] .
Thus, the prospect of depositing single-phase d-WC films by sputtering seems difficult. For this task, alloying by a third element such as B constitutes a viable route to improve the properties of WC1-x films by filling C vacancies with B atoms. Liu et al. have reported reactive sputtering from a WB2 target in C2H2 containing plasmas for deposition of W-B-C films [25] . The study shows that the composition of the films can be varied at low flows of C2H2, but with deposition of almost pure carbon films when the WB2 target is poisoned by C2H2. In two publications, Alishahi et al. [26] and Debnárová et al. [27] investigated growth of W-B-C films from magnetron sputtering of W, and B4C targets, in combination with pulsed sputtering of a C target. The applied experimental set-up with three separate sources allows for growth of films in a with a wide range of compositions and properties as reported by the authors but is less practical for industrial applications.
An alternative and more industrially compatible route is to apply boron as a gaseous reactant and then preferably as a single precursor containing both carbon and boron. In a seminal study, Lewis et al. [28] compared trialkylboron triethylboron [TEB, B(C2H5)3], trimethylboron (TMB, B(CH3)3) and tributylboron [TBB, B(C4H9)3] and suggested that TEB was suitable for depositing boron carbon films by CVD. In addition, the authors have successfully applied TEB [29] [30] [31] for growth of epitaxial sp 2 -BN films by thermally activated CVD. The fact that TMB is a gas at standard pressure and temperature conditions, while TEB is a liquid and TBB is a solid makes TMB the easiest trialkylboron to integrate in a sputtering process. In addition, TMB exhibits the highest boron-to-carbon of the organoboranes with 1:3 compared to 1:6 in TEB and 1:12 in TBB, which allows for studying boron-rich W-B-C films.
To investigate the possibility of integrating a common precursor from CVD in magnetron sputtering, we reactively sputter a W target with TMB as a single gaseous reactant for growth of W-B-C films. The flow of TMB is varied for deposition of W-rich films and with growth carried out without external heating (room temperature, RT) to 900 o C.
Experimental details
The W-B-C films were deposited in an ultra-high vacuum system (base pressure 2 x 10-6 Pa) on Si(100) substrates by reactive sputtering of a 3 inch circular W target in a Kr plasma (99.998%) using TMB gas with a purity of 99.99% from Voltaix Inc., High Springs, FL, USA as precursor. Krypton was applied as sputtering gas instead of Ar to reduce the probability of back-scattered neutrals that will introduce stresses in the films. All films were deposited for 5 min without substrate rotation, using a sputtering current of 900 mA and with the substrates held at floating potential. In our depositions the TMB gas was distributed close to the substrate table through a gas pipe mounted in the deposition chamber and with the Kr gas was distributed in a separate line at a flow of 82 sccm in all depositions. This set-up was chosen to minimize poisoning of the W target by TMB. The substrate was mounted ~5 cm from the end of the gas pipe and with the substrate positioned directly in line-of-sight above the magnetron at a distance of 7 cm. The substrate was heated by a heating stage positioned directly above the substrates. For additional information on the applied deposition system the reader is referred to ref. [32] . For films deposited with 10 sccm TMB in the plasma the deposition temperature was investigated from RT, 100, 200, 300, 400, 500, 600, 700, 800, and 900 °C. At 500 °C the TMB content in the plasma was varied from 1, 2.5, 5, 7.5, and 10 sccm. The addition of TMB to the plasma caused a slight increase of the total pressure from 0.53 Pa for sputtering without TMB in the plasma to 0.6 Pa at the highest applied flow of TMB as well as increased voltage on target as dependent on the amount of TMB in the plasma. The pronounced poisoning of the target seen from an increasing target voltage from ~450 V to ~600 V limited the applied flow of TMB to 10 sccm in this study. Prior to deposition, the substrates were ultrasonically degreased for 5 min in trichloroethylene, followed by 5 min in acetone, and finally 5 min in isopropanol.
The chemical composition and the chemical bonding structure of the films was assessed by X-ray photoelectron spectroscopy (XPS). The instrument used was an AXIS Ultra DLD from Kratos Analytical, with monochromatic Al Kα radiation (hν = 1486.6 eV), operated at a base pressure of 1.5×10 -7 Pa and with the X-ray anode at 225 W. The binding energy scale was calibrated by setting the position of the Fermi edge of a sputter-cleaned Ag sample to 0.0 eV [33] resulting in the position of the Ag 3d5/2 core-level peak of 368.30 eV [34] . To remove adsorbed contaminants following air exposure, the samples were sputter-cleaned for 180 s with 4 keV Ar-ions incident at an angle of 70° with respect to the surface normal. Casa XPS software (version 2.3.16) was used for quantification, with elemental sensitivity factors supplied by Kratos Analytical Ltd. The confidence level of XPS is typically around ±5 %. X-ray diffraction (XRD) θ/2θ scans were used to evaluate the structural properties of the films using a Philips PW 1820 Bragg-Brentano diffractometer, equipped with a Cu anode X-ray tube (Cu Kα, l=1.54 Å) operated at 40 kV and 40 mA. Additional XRD scans were performed in grazing incidence (GI) geometry with an incidence angle of a=2°, using a Panalytical Empyrean diffractometer in a parallel beam setup with a line focus Cu-Ka X-ray source operating at 45 kV and 40 mA.
The primary beam was conditioned using an X-ray mirror and a ½° divergence slit, and in the secondary beam path a 0.27° parallel plate collimator was used together with a PIXcel detector in 0D mode for data acquisition. XRD pole figure measurements were performed using the same Empyrean diffractometer although now with a point-focused copper anode source and an X-ray lens with 2x2 mm 2 crossed-slits on the incident beam side to reduce the effect of defocussing when tilting the sample. The detector position was fixed at specific diffraction angles, corresponding to diffraction from WC1-x {200}, {220}, and {222} family of planes, respectively. The pole figure measurements were performed in 5°-steps with azimuthal rotation 0° ≤ f ≤ 360° and tilting 0° ≤ y ≤ 85° to determine the orientation distribution of the crystals.
Film morphologies and thicknesses were investigated using cross-sectional scanning electron microscopy (SEM). The instrument was a LEO 1550 Gemini SEM and the applied acceleration voltage was 10 kV. The nanomechanical properties of the films were measured by quasi-static displacement-controlled nanoindentation tests, using a Hysitron Triboindenter model TI950. Hardness (H) and reduced elastic modulus (Er), were measured with a Berkovich diamond probe and calculated according to the method proposed by Oliver and Pharr [35] . The tip area function was calibrated using a fused silica sample. The thermal drift was compensated prior to each measurement, and no pile-up corrections were necessary. For each test, a total of 12 indents with a spacing of 10 µm were averaged to determine the mean value and standard deviations of H and Er.
The "rule of thumb" for nanoindentations, stating that the indenter should not penetrate more than 10% of the total film thickness, has been shown to fail in many materials (see [36] and references therein). In some of our W-B-C films, the maximum penetration depth hmax was calculated using the graphical method explained in the standard ISO 14577 Part 4 [37] . This was validated by performing numerous indentations in one of the harder films at different penetration depths to conclude that the displacement-controlled nanoindentation experiments should be carried out in our samples at hmax = 70 nm indentation depth.
To be able to relate HV reported by others to our nanoindentation values given in GPa, an approximate conversion of HV values to GPa were made by multiplying the Vickers hardness values by 0.009807, i.e. converting kg/m 2 to Pa. The exact conversion from a Vickers hardness into the nanoindentation hardness values needs a geometrical factor correction which is ~0.927 for a perfect Berkovich diamond [36] . It should be noted that the relation is correct only for materials that deform fully plastically during the indentation. If the material has an elastic recovery, the relation is not valid because the Vickers indentation hardness is calculated using the deformed area after indentation, and in the nanoindentation method the hardness is defined by using the deformed area at maximum applied load [36] . To compare reported values on elastic modulus (E) from the literature with our measured Er values, we applied the formula; 1/Er=((1-n 2 )/E)+((1-ni 2 )/Ei)) from ref. [36] and assumed: a Poisson's ratio for the sample n=0.25, a Poisson's ratio for the indenter of n=0.07, and the elastic modulus of the indenter to be Ei=1140 GPa. Figure 1a shows the elemental composition obtained from the quantitative analysis of XPS spectra for W-B-C films deposited with TMB flows of 1, 2.5, 5, 7.5, and 10 sccm at 500 o C. As observed, all films are metal-rich and where the W content decreases from ~ 93 at% to ~ 73 at% from with increasing TMB content in the plasma. As expected, the C and B contents in the films increase with increasing TMB flows from ~ 4 to ~ 18 at.% for C and ~ 0 to ~ 7 at.% for B. The C-to-B ratio is 3:1 for the film deposited with 10 sccm TMB i.e., the same as in the applied TMB precursor, while films deposited with 5 and 7.5 sccm TMB show a more boron rich composition with C/B~2.5, but close to a 3:1 ratio. The film deposited with 1 sccm TMB is carbon rich as evident from C/B~5, which is probably due to uncertainties in determining the B content given the low intensity of the B 1s peak in XPS. The O content is nearly constant at 2-3 at.%.
Results and Discussion

Composition and chemical bonding structure
Note that all layers were exposed to air before XPS measurements which resulted in a few nm thick native oxides at the surface. Prior to XPS analyses all samples were cleaned with Ar ion beam. Hence, the oxygen detected in the films can have two sources: (1) redeposited atoms following the sputter-etch, and (2) implanted atoms resulting from a forward momentum transfer during Ar sputter-cleaning. Figure 1b shows that the W, C, B, and O content remain nearly constant for films deposited at RT, 100, 200, 300, 400, 500, and 600 o C and with 10 sccm TMB in the plasma. The W content is between 75 to 76 at.% for films deposited at RT to 300 o C and between 72 to 73 at.% for films deposited at 400, 500 and 600 o C. At higher deposition temperatures, Si is detected in the films (not shown) suggesting a reaction with the Si(100) substrate, which is further discussed with the XRD results. Carbon shows an opposite trend compared to W with about 15 at.% below 300 o C and 17-18 at.% above 300 o C, while no clear trend is found for B that varies between 6-8 at.%. We suggest that the difference in W and C content in the films is due to a more efficient dissociation of the TMB precursor at higher temperatures, resulting in a slightly carbon-rich composition in the temperature range from 300 to 600 o C. Similar as for the films deposited with different flows of TMB in the plasma the oxygen content is constant at 2-3 at.%. [34] . Instead, the low intensity structure located at 36.8 eV originates from W 5p3/2 states.
The C 1s peaks in Fig. 2b are located at 283.4 eV, which is close to the reported binding energy between 283.4 and 283.6 eV reported for sputtered W2C films with a hexagonal crystal structure by Greczynski et al. [39] as well as Liu et al. for W-B-C films [25] . The average of these measurements is indicated by a vertical dotted line at 283.5 eV in Fig. 2b . and potential C-W* bonding [40] . In addition, the C 1s spectra show no evidence of C-O bonding in the deposited films as no peak is visible at ~292 eV [34] .
The B 1s peaks in Fig. 3a , centered at 187.9 eV, are of low intensity for films deposited with 1 and 2.5 sccm TMB. This binding energy is identical to the measured B-W binding energy for W2B5 [34] and W-B-C films deposited by Alishahi et al. [26] , and close to the 188.1 eV reported by Liu et al. for W-B-C films [25] . There is no indication of B-B or B-O bonding in the films as no B 1s peaks are visible at 189.4 eV [34] or ~192-193 [34] , respectively.
The O 1s peaks in Fig. 3b display low intensities and asymmetric tails towards higher binding energy. The peak position located at ~530.6 eV is identical to that determined for WO3 and that is indicated by a vertical dotted line in the spectra [34] . No corresponding peaks from oxygen bonding are observed in the W 4f, C 1s, and B 1s spectra.
The binding energies for the W 4f7/2, W 4f5/2, C 1s, B 1s, and O 1s peaks remain constant for films deposited at RT, 100, 200, 300, 400, and 600 o C and using 10 sccm TMB in the plasma compared to the films deposited at 500 o C with 10 sccm TMB. For the film deposited at RT conditions this is a support of the strong driving force for W to form carbides and borides. When increasing the temperature to 700 o C, Si is detected by XPS. 310 peaks from W [42] and with the 2q angles for W determined in literature indicated by dotted vertical lines in Fig. 4a . There is a peak at 2q ≈ 43° from the cubic WC1-x phase, which is the 200 peak as calculated from the a-axis lattice parameter 4.2355 Å [43] using Cu-Kα radiation instead of Co-Kα as in ref. [43] . The position of the 200 peak is indicated as a dotted line in the diffractogram. The presence of WC1-x in the film shows a strong driving force towards carbide formation at low flows of TMB and is supported by the XPS analysis in section 3.1. Increasing the flow of TMB to 2.5 sccm broadens and reduces the number of peaks in the diffraction pattern, while the peaks from the W phase are retained. Increasing the TMB flow further to 5 sccm results in two visible peaks originating from WC1-x corresponding to the 200 and 400 peaks at 2q angles of ~42° and ~95°, respectively. A strong peak at a 2q ~40° is reported in the publications by Alishahi et al. [26] and Debnárová et al. [27] for more boron and carbon rich W-B-C films and with a second peak at 2q ~70° [26] that is not visible for our deposited films. From the diffractogram in Fig. 4a there is no evidence of crystalline d-WC that should exhibit strong peaks at 2q ≈ 36° 1010 and 2q ≈ 48° 1011 [44] , or crystalline tungsten borides such as WB2 with AlB2 type-structure (Strukturbericht designation C32) with strong peaks at 2q ≈ 29° 0001 and 2q ≈ 46° 1011 [45] , or hexagonal W2B5 with strong peaks at 2q≈25° 0004 and 2q ≈ 35 1010 and 1011 [46] . For tetragonal WB there is an overlap between two strong peaks,105 and 112, with the WC1-x 200 peak, but with no matching peaks expected at 2q ≈ 94°, and where a strong 103 peak at 2q ≈ 33° is absent [47] . To conclude, the θ/2θ diffraction shows no evidence for either crystalline d-WC or tungsten borides, and where the WC1-x phase is the preferred crystalline phase in agreement with what has previously been reported for sputtered WC films [11] [23] . The relatively strong intensities of the 200 and 400 peaks in the diffractogram suggests that the WC1-x film has corresponding preferred crystallographic orientation i.e., 100-oriented.
Phase distribution in the deposited films
To investigate the film orientation with respect to the substrate, we applied pole figure measurements, see Fig. 5 . As observed, the monitored {200} pole displays a point of high intensity centered in the middle of the figure where y » 0°, i.e. in the growth direction. The investigated {220} and {222} pole figures have high intensity rings located at y » 45° and y » 54.7°, respectively, which is expected for a 100-oriented fiber-textured film [48] .
Additional pole figure measurements at the expected positions of {200}, {211}, {220} and, {310} in a carbon supersaturated bcc-structured a-W phase (not shown), as observed by e.g. Pauleau for W-C coatings containing less than 25 at.% C refs. [49] [51], was conducted to eliminate the possibility of such a phase being present in our films. At TMB flows of 7.5 and 10 sccm the 200 and 400 peaks increase in intensities and there are no indications of crystalline borides in the films even though the films contain 6-7 at.% B. This suggests that W has a stronger driving force to form carbides compared to borides in reactive sputtering with TMB, but where a solid solution of B in the WC1-x phase cannot be excluded. This is supported by XPS in Fig. 3a that shows W-B bonding. Fig. 4b shows θ/2θ diffractograms from films deposited at deposited at from bottom to the top: RT, 100, 300, 400, 600, and 700 o C and with 10 sccm TMB in the plasma. Already for growth at RT conditions there is a broad peak centered at 2q≈38 o beside the peaks previously described from the Si(100) substrate in Fig. 4a . The peak is centered at a lower diffraction angle compared to the literature values for the W 110 peak at 2q ≈ 40. At a deposition temperature of 300 o C the peak at 2q ≈ 38 o in Fig. 4b shifts to a higher diffraction angle of ~42°, and a second peak is found at ~92°. These are the 200 and 400 peaks from WC1-x and indicate an oriented growth to the Si(100) substrate already at 300 o C. Increasing the growth temperature to 400, 500 (in Fig. 4a ) and 600 o C results in increasing intensities for the WC1-x 200 and 400 peaks. However, at 700 o C the diffraction pattern completely changes seen from the number of peaks and their positions. This is attributed to a reaction with the substrate, where Si is diffusing into the film and crystalline tetragonal WSi2 [53] is formed. The WSi2 , and where the intensity distribution for the peaks indicate a random orientation for the film. Silicide formation during sputtering of W on Si(100) substrates has previously been reported following annealing at 1073 K (800 o C) [54] . The diffraction peaks from WSi2 gain in intensities at 800 o C, but reduces in intensities at 900 o C to become extinct, i.e. an X-ray amorphous film was formed (not shown). For this film, XPS measurements show a surface composition with a Si content of ~96 at.%. Figure 7 shows SEM images obtained from films deposited at TMB flows of 1, 2.5, 5, and 10 sccm at 500 o C in (a) and films deposited at 200, 400, 600, and 900 o C and with 10 sccm TMB in the plasma in (b). The films deposited with different TMB content in the plasma exhibit thicknesses in the range ~800 to ~1000 nm corresponding to a deposition rate of 160 to 200 nm/min and with higher thicknesses for the films deposited with 5 and 10 sccm TMB in the plasma. The microstructure changes from broken columns, as in the film deposited with 1 sccm TMB in the plasma to fine-grained in the film grown with 10 sccm. A fine-grained microstructure for WC1-x films finds support from literature, where WC1-x films are often described as being nanocrystalline/ fine-grained [14] [23] . In addition, Mitterer et al. showed that alloying TiC with B favor a fine-grained microstructure [55] . The surface structure of the films is generally smooth, which is supported from ocular inspection of films that are the silver-white with a metallic luster. Furthermore, the WC1-x films deposited at 400 and 600 o C in Fig. 7 also exhibit a fine-grained microstructure c.f. Fig.  4b .
Morphology of the films
Decreasing the deposition temperature to 200 o C results in a more glass-like microstructure possibly associated with the growth of W2C, see Fig. 4b and Fig. 7 , but where the film maintain its silver-white color and metallic luster. Increasing the deposition temperature to 900 o C results in a fine-grained microstructure and with an increased variation of the thickness in the film as well as increased surface roughness. This is accompanied by a change to a greyish colored surface. Our XRD analysis in section 3.2 explained this being the result of a reaction between the film and the Si(100) substrate. Such reaction between the film and the substrate is likely to compromise the properties of the films such as the H and E r .
Mechanical properties
The H and Er of the films were assessed by nanoindentation with films deposited at TMB flows of 1, 2.5, 5, 7.5, and 10 sccm at 500 o C in Fig. 8a and films deposited at 200, 300, 400, 500, 600, 700, 800, and 900 o C and with 10 sccm TMB in the plasma in Fig. 8b . The measured H and Er values show no clear trends for the films deposited at different TMB flows in the plasma. In contrast, both the H and the Er decrease markedly by a factor of three to four for the films deposited at 700, 800, 900 o C that is accompanied by an increased spread between the individual Our H values are comparable or even slightly higher than the reported HV of d-WC with 22 GPa for a 0001-oriented single-crystal [2] as well as to those reported for more carbon and boron rich W-B-C films by Alishahi et al. [26] and Debnárová et al. [27] with values in the range ~24 to ~29 GPa and ~23 GPa, respectively. In contrast, our H values are lower than the ~37 to ~47 GPa reported by Su et al. [24] for d-WC films alloyed with ~4 to ~7 at. N as well as the ~45 GPa determined by Liu et al. for W-B-C films reactively sputtered from a WB2 target [25] . The H values measured by Su et al. support the superior mechanical properties of d-WC films compared to WC1-x films in particularly when d-WC is alloyed with N. For the W-B-C films reported by Liu et al. it is important to firstly note the higher boron content in their films with ~50 at% compared to our films with 6-8 at.% B. Secondly, the phase distribution in their films is different with peak(s) from crystalline WB2 with C32 crystal structure [25] [14] . From this study we note the higher H value of 34.5 GPa measured for an epitaxial W film with 7 at.% C, suggesting that the H depends on film orientation. Indentation, including HV measurements, of more carbon rich films show scattered values of ~17 GPa [23] and 3500 to 4500 HV0.025 [17] corresponding to ~32 to 41 GPa using the correction factors described in the Experimental details section, but where the authors acknowledge that the measured H values are likely affected by the low thickness of the investigated films [17] . For sputtered WC/a-C:H films, Drábik et al. presents H values in the region ~13 to 15 GPa [20] , showing that growth of nanocomposites results in reduced hardness in the W-C-H system. Thus, the measurements show that our reactively sputtered W-rich films exhibit comparable or even superior H values to bulk d-WC as well as to more carbon and/or boron rich films.
The Er measured in our films follow the same trends previously described for hardness, see our Er ~ 280 GPa value is similar to the Er ~ 300 GPa reported by Debnárová et al. [27] but lower than the ~ 450 GPa reported in the studies by Alishahi et al. [26] . Furthermore, for W2C and WC1-x films containing 35 at.% C Palmquist et al. [14] measured an E-moduli of ~ 450 GPa, i.e. similar to that of Alishahi et al. We attribute the lower Er values of our films compared to Alishahi et al. and Palmquist et al to the lower carbon and boron contents in our films with ~ 18 at.% and ~ 6 at.%, respectively.
Conclusions
Reactive sputtering of W in Kr/TMB plasmas results in growth of W-rich 100-oriented WC1-x with a potential boron solid solution. The applied TMB flow with ~93 at.% W at 1 sccm and ~72 at.% W at 10 sccm determines the metal content for films deposited ≤ 600 o C. The C and B contents in such films reach a maximum of ~18 at.% and ~7 at.% respectively and where both elements are chemically bonded to W. Growth conditions with TMB flows ≥ 5 sccm and temperatures ≤ 600 o C result in deposition of crystalline and 100-oriented WC1-x with a possible solid solution of B whereas lower TMB flows give W films and temperatures below 300 o C yield W2C films. For films deposited at different TMB flows and temperatures ≤ 600 o C, nanoindentation shows hardness values in the range ~23 to ~31 GPa and reduced elastic moduli between ~220 and 280 GPa. Temperatures above 600 o C leads to the formation of WSi2 as introduced by a reaction between the film and the Si(100) substrate. This reaction changes the color of the films from silver-white with metallic luster to greyish and with increased surface roughness as well as reduces the H and Er of the films by a factor of three to four.
